Neutron reflection and adsorption isotherm measurements have been used to study the adsorption behaviour of hexanoic acid onto α-alumina surfaces. Importantly, the pH dependence of the behaviour has been characterised with a pronounced maximum in adsorption identified at a pH of approximately 5, close to the pKa of the acid. The adsorbed layer is identified as a bilayer, which is reasonable given the hydrophilic nature of both side of the layer, and has a thickness of 13 Å, suggesting significant extent of interdigitation. At pH 5, the layer has much lower extent of hydration relative to the higher pH of 7, consistent with the increased total adsorption at pH 5. A number of different mechanisms for the binding of the hexanoic acid to the surface are considered. The experimental data, combined 2 with calculations using equilibrium/binding constants of the surface and ligands, indicates that a ligand exchange reaction may be the most significant mechanism.
Introduction
Understanding the adsorption of surfactants and other species from solution to solid surfaces is crucial in many academic and industrial applications from detergency to lubrication. This is particularly so in the case of aluminium oxide due to the industrial importance in areas such as engineering, ceramics, paints and plastics among others.
Importantly, alumina surface sites are also excellent models of particular active sites of clay minerals. An important part of the behaviour is the variation with pH. It is found that many minerals are positively charged at low pH but progress through an iso-electric point to negative charges at high pH, due to proton exchange at the mineral surface. It has been found that different surface sites have different dissociation/association constants and hence different pH dependence. The iso-electric point (I.E.P.) of alumina surface is variously reported to be 5.0 -9.0 and varies depending on its crystal phase and geometry. [1] [2] [3] [4] [5] [6] [7] [8] Ionisable functional groups such as a carboxylate within an organic species are capable of dissociation or association depending on the pH of the solution and the dissociation constant, Ka (often expressed as -log 10 (Ka) or pKa) of the group. This ionisation is a key factor determining the adsorption onto oxide surfaces. In addition there are a number of methods by which organic species might bind to a surface including electrostatic, hydrogen bonding and ligand exchange, as discussed below.
In this work the adsorption of the anionic carboxylate, sodium hexanoate, illustrated in Figure 1 , onto the surface of α-alumina in both powder and single crystal (sapphire) forms is presented. The hexanoic acid is most convenient as the longest alkyl chain carboxylic acid that still has a reasonable solubility in water. The long alkyl chain is helpful in the neutron 3 experiments giving enhanced reflection relative to a shorter homologue. As outlined above the surface of the oxide has a number of Al-OH groups that give rise to a pH dependent surface charge. The I.E.P. of α-alumina in a (0001) single crystal form (pH IEP = 5-6) is reported to be more acidic than that in powder form (pH IEP = 8-9) due to the dominance of ≡Al 2 OH surface groups on the single crystal with a different pK values. [1] [2] [3] [4] [5] [6] [7] [8] The adsorbate, hexanoic acid, has a pKa of 4.9. [9] Hence over most of the accessible pH range in water, both alumina and hexanoic acid are expected to exhibit significant pH variation which might be expected to lead to significant changes in adsorption behaviour with some differences between powder and single crystal forms. Adsorption Isotherm. An adsorption isotherm relates the concentration of adsorbate at the interface to its equilibrium concentration in the liquid phase. This adsorption behaviour is often interpreted using the Langmuir isotherm: [10] [11] [12] [13] ,where C 1 is the concentration of component 1 at equilibrium in the liquid phase, Γ 1 is the surface excess of the component 1, Γ ML is the surface concentration adsorbed at monolayer coverage, and K L is the Langmuir equilibrium constant, related to the enthalpy of adsorption.
The conditions for this type of Langmuir adsorption are that the adsorbent is homogeneous, both solute and solvent have equal surface areas, both surface and bulk phases exhibit ideal behaviour and the adsorption is limited to monolayer coverage. [10, 11, 13] 4 Lateral interaction between alkyl chains is not uncommon with surfactant adsorption and leads to the initial slope of the isotherm becoming S-shaped. This S-shaped isotherm can be represented by: [10, 14, 15] This model is similar to the Langmuir theory but with an aggregation number, n, and a different equilibrium constant, K s . This S-shaped behaviour has been reported for adsorption on alumina surfaces. [16] [17] [18] [19] [20] If surface aggregation occurs then n should be greater than 1.
Neutron Reflection. Neutron reflectivity has now been well established as an important depth profiling tool for resolving structural conformation of complex systems perpendicular to an interface on an Angstrom length scale. [21] [22] [23] In a typical neutron reflectivity experiment a highly collimated neutron beam is reflected from an interface. The intensity of the specular reflection is then measured as a function of momentum transfer perpendicular to the interface, Q, which is defined by the beam incident angle, θ and the neutron wavelength, λ:
The reflected intensity is related to the refractive index profile normal to the interface. The neutron reflective index (n) of non-absorbing materials can be defined as:
,where ρ is the scattering length density (SLD) of the material and defined by Experimental neutron reflectivity profiles were analyzed using RasCAL (version Beta 1, A. Hughes, ISIS Neutron Source, Rutherford Appleton Laboratory). This uses an optical 6 matrix formalism based on the Abeles approach [24, 25] . In this approach the interface is described as a series of layers and each of them is characterized by its SLD, thickness and roughness. A least squares minimization is used to reduce the differences between modeled and experimental data. Simplest possible model, which adequately described the data, was selected. Neutron reflection profiles were obtained under different isotopic conditions and were constrained to fit to the same structure (layer and thickness profile) with SLD varied between data-sets from different contrasts as required. The new sapphire wafers for neutron reflection were cleaned by mild piranha with a concentration of 5:4:1 of H 2 O, concentrated sulphuric acid, and 30% H 2 O 2 at temperature of 80 °C for 15 min, followed by extensive rinsing with ultra-pure water. The wafers were exposed to UV-ozone for 30 min. All plastic bottles, other parts of the cell and connecting tubing were cleaned with Decon 90 followed by extensive rinsing with ultra-pure water.
Glassware was avoided to minimize any contamination of silicon ions on the alumina substrates. [3] The sapphire wafer was clamped against a PTFE trough to make a solid/liquid cell by means of a steel assembly. Solutions were prepared and injected into in the cell manually with plastic syringes. The solutions were injected and drawn out several times to ensure effective exchange. The cells were checked for leaks by careful observation over a period of time prior to measurement.
The neutron reflection measurements were made on INTER at ISIS, Rutherford Appleton Laboratory. [26, 27] The instrument uses a spallation target neutron source and determines the 
Results
The α-alumina powder was initially characterized by elemental analysis and the carbon content in the powder was found to be 0.01 wt%. The specific surface area was determined by nitrogen adsorption and found to be 26.95 ± 0.16 m 2 g -1 . X-ray diffraction showed that the crystal phase was pure α-alumina, in a good agreement with the data provided by the manufacturer.
The surface tension as a function of the amount of sodium hexanoate in water at pH 5 and 7
was measured and is shown in Figure 2 . The data indicates a break point at a concentration of 1 M [29, 30] at pH 7 with an interfacial tension of 41.6 ± 0.5 mNm -1 which is relatively similar to other common surfactants. This suggests that this species has a critical micelle concentration, CMC. Figure 2 also indicates that at pH 5 near its pKa, there is no evidence of a CMC. We attribute this to the low solubility of sodium hexanoate in water (≈ 0.2 M)
although there is a lower interfacial tension compared to pH 7. The aggregation numbers (n) resulting from the lateral interaction are all very close to unity (between 1 and 2) and hence we cannot conclude that there is a significant variation. (When n is 1, the isotherm is reduces to the Langmuir equation). The equilibrium constants (Ks)
extracted from the S-shaped isotherms are 4.5 x 10 3 , 1.78 x 10 3 , 1.71 x 10 3 and 13.8 dm 3 g -1 at pH 3, 5, 7 and 9 respectively. These are relatively small compared to the adsorption of nonionic surfactant (Triton X-100) on silica gel showing S-shaped isotherm curves with the n and Ks values of 4.0 and 7.25 x 10 14 dm 3 g -1 according to Gu et al [15] . Importantly we note that the adsorption of sodium hexanoate on α-alumina powder is low at pH 3, rises with pH 5 but then falls again at pH 7 and 9. This pH dependence is now discussed in more detail. using the equilibrium and binding constants listed in Table 3 . Two surface excess values calculated from the neutron data at pH 5 and 7 in Figure 5 and Table 2 , are also included. Table 1 . Very good agreement was found between the calculated and experimental data, as shown in Figure 5 (a). The fitted SLD of 50% D 2 O was found to be 2.50 x 10 -6 Å -2 , slightly smaller than that expected (2.89 x 10 -6 Å -2 ) which we attribute to imperfect exchange of fluids on refilling the trough. A surface roughness of 2 ± 1 Å was used to fit the data. Table 2 . The thickness of hexanoate bilayer is calculated to be 13 ± 1 Å and 15 ± 3 Å with a roughness of 3 ± 1 Å and 2 ± 1 Å at pH 5 and 7
respectively. The extended chain length of a monolayer of the hexanoic acid is reported to be ~ 10 Å.
[31] Hence we conclude that there is a hexanoic acid bilayer at the surface and the carboxylate tails in the bilayer interdigitate to some significant extent. The formation of a bilayer is reasonable given that both the solid surface and the water will prefer to be in contact with the fatty acid head groups rather than the hydrophobic tails which would be a consequence of a monolayer adsorption.
The fitted structural parameters suggest a reasonably complete fatty acid bilayer adjacent to the solid surface but with 37 % water (by volume) at pH 5. This water content is not unreasonable given the likely hydration of the acid head groups. However, the total amount adsorbed is much reduced, the layer is much more incomplete and contains rather more water The surface excess calculated from neutron reflectivity is compared with the adsorption determined by depletion isotherm in Figure 4 , and shows very good agreement. 
Discussion
There are a number of potential complexation models that can be considered when trying to understand the observed adsorption behaviour of the hexanoic acid on alumina.
Ligand exchange mechanism. The adsorption isotherms vary very strongly with pH as shown in Figure 3 and 4 with a pronounced maximum in adsorption at pH 5. We note that this maximum is near the pKa of sodium hexanoate (pKa = 4.9). The adsorption behaviour can be modelled using surface exchange equilibria, as discussed above. Here we consider a model based on sodium hexanoate binding by ligand exchange of the surface hydroxyl (-OH) groups (e.g. >Al-OH + -OOC-R ↔ >Al-OOC-R + OH -, where RCO 2 -is the exchanging ligand). This mechanism usually has distinctive pH behaviour [33] . At the lowest pH there are rather few ligand anions so adsorption is rather small. As the pKa of the ligand is passed the amount of the ligand anion increases and exchange is effective. However, at high pH the number of -OH ions dominates competing more effectively for the surface sites. [33, 34] Hence the hexanoate ligand would be expected to exhibit a maximum in adsorption with pH near its pKa value, as observed.
Calculations using appropriate equilibrium constants, have been used to quantitatively model this surface complexation. [35] Table 3 gives the binding and equilibrium constants used in this case. Other than the ligand exchange binding constant all other constants are available in the literature, so in fitting our data we are in effect determining this equilibrium constant. The calculated pH dependence of the adsorbed amount is displayed in Figure 4 (solid line). This result shows very reasonable agreement with the experimental data, given the relatively constrained nature of this model. Hence we conclude that the mechanism of the hexanoate adsorption is consistent with 'ligand-exchange'. If this is the case we can also 15 provide an estimate of the ligand exchange equilibrium constant (pK L = -0.9), which is reported by Karamalidis et al [35] . Table 3 . Binding and equilibrium constants used for ligand exchange calculation in Figure 4 . 
Hydrogen bonding interactions:
The surface charge of alumina is pH dependent and the carboxylate functional group in sodium hexanoate also has significant pH behaviour. At low pH, below the pKa of hexanoate (pKa = 4.9), the hexanoic acid would be a neutral species (protonated carboxylic acid) with positively charged substrate (alumina). Under these conditions one might expect hydrogen bonding to dominate the adsorption behaviour of the hexanoic acid onto surface hydroxyls groups although many of these will be protonated (e.g.
Al-OH 2 + ••••HOOC-R).
However, the adsorption at low pH is very small. Hence we conclude that such hydrogen bonding either does not occur or is not significant. The related behaviour of a protonated fatty acid, carboxylate anion and a cationic ammonium species has been reported in the literature [38, 39] Figure 4 , where the maximum is at pH = 5. This difference may arise from several effects, such as the estimates of I.E.P. and pKa. Alternatively, we may conclude that electrostatic interactions are not the dominant binding effect.
Bridging mechanism:
This mechanism requires the presence of multivalent ions to hold together two species of the same charge. In our experiments where there are no multi-valent ions and hence it is considered unlikely that cation bridging would be significant. In addition, cation bridging is most likely where the two species have similar charge. This would lead to a maximum in adsorption at high pH and not, as observed, at intermediate pH. [40] Even if there might be sufficient amount of aluminium ions dissolved from alumina substrates, the maximum in adsorption at high pH for this mechanism was not observed here.
Other possible origins of adsorption interactions include Van der Waals (VdW) forces.
However we do not expect significant pH dependence behaviour from the VdW. Hence, we conclude that this is not the dominant mechanism for the observations here.
17
There are a number of works reporting a maximum in the adsorption of anionic carboxylates on alumina at the pH near the pKa of the carboxylic acid although they do not
give a specific binding mechanism [34, [41] [42] [43] and the structural details of the adsorbed bilayer are not reported.
Karaman and Megias-Alguacil observed changes in the contact angle after the adsorption of organic carboxylates on alumina surfaces. [44, 45] Desset-Brèthes also showed adsorption using UV-vis spectroscopy and recognized the combination of carbon skeleton and strong complexing groups required to produce the highest affinity of the carboxylate ligands onto alumina surfaces at the pH near their pKa values. [46] Other ligands such as phosphate and metal ions also have been reported to adsorb onto hydrous oxide surfaces, and some exhibit a maximum in the adsorption at a pH near the ligands' pKa value. [12, 34, [47] [48] [49] [50] [51] The ligand exchange mechanism has been proposed by several authors in particular cases.
Stumm et al [33, 34] noted that organic ligands formed surface complexes with hydrous oxides by ligand exchange and provides the explanation in terms of surface and solution equilibrium constants, highlighting the specific adsorption of ligands and the distinctive pH behaviour. Goldberg and Sposito [50] reported that the adsorption of phosphate ions on several hydroxylated minerals occurs through a ligand exchange [49, [52] [53] [54] [55] [56] [57] . They also emphasized a distinctive maximum in adsorption at a particular pH.
The surface of sapphire has been used to study the adsorption of surfactants and polymers from water using neutron reflection. [51, [58] [59] [60] According to Hellsing et al [51] , there is no significant change in the adsorbed amount or structure of the adsorbed Aerosol-OT (sodium bis(2-ethylhexyl) sulfosuccinate, NaAOT) layer with change in pH on sapphire, explained that the driving force for the adsorption of NaAOT is self-assembly of the hydrophobic tails.
Li et al [59] showed the gradual decrease in surface excess of sodium dodecyl sulphate (SDS) with the increase of pH on sapphire surface, which could correspond with the surface charge and be attributed to electrostatic interaction.
Conclusion
In this work we present adsorption isotherms of sodium hexanoate on α-alumina substrates using solution depletion and neutron reflection methods. This adsorption has distinctive pH dependent behaviour showing a maximum in the adsorption at the pH near the pKa of the hexanoate molecules. This distinctive behaviour indicates that the mechanism of this adsorption may be 'ligand exchange', although other mechanisms cannot be ruled out. The structural nature of the adsorbed layer has been determined and is a bilayer which is essentially completed at the maximum adsorption (at pH 5) but forms a much more diffuse and imperfect bilayer at pH 7.
